Introduction
Plastic flow and material removal at sub-millimetre length scales are intrinsic to processes such as machining [1] , abrasion [2] , erosion [3] , sliding [4] , microtomy [5, 6] and surface deformation processing [7] involving metals. modelled by the sliding-contact loading of a hard indenter (tool, asperity) against a metal under conditions of plane strain (figure 1). The surface flow determines how material is separated from the workpiece, and characteristics of the newly generated surface such as microstructure, strength and residual stress and strain. Unique features of this flow are imposition of large plastic strains, strains much higher than is common in conventional materials tests, and its unconfined nature, which affords degrees of freedom not typically available in bulk deformation processing [8] . It has long been recognized that this lack of flow confinement can result in unsteady flow, plastic instabilities and non-uniqueness in flow mode [9, 10] . Unsteady flow and plastic instabilities play a key role in producing the diverse variety of chip-particle morphologies and surface patterns observed in cutting, e.g. discrete particles [11] , segmented chips [12, 13] , wrinkled particle surfaces [14] and surface folds [15, 16] .
The steady flow typically associated with continuous chip formation in cutting and sliding has been analysed using slip line field (SLF) theory and finite-element simulation. These classical plasticity analyses have been validated using experimental observations, almost exclusively ex situ. The ex situ observational approaches, however, have important limitations for studying unsteady flow and instabilities, where transient phenomena are critical.
This study describes a direct in situ analysis of flow dynamics in cutting and sliding of metals using high-speed imaging and particle image velocimetry (PIV). By observing the process zones at high resolution under plane strain conditions, the flow phenomena are analysed quantitatively in terms of flow lines and grid patterns, strain and strain rate fields. Particular attention is paid to unsteady flows, flow instabilities and fracture that control chip-particle morphologies. The material system is 70-30 brass, representative of ductile single-phase alloys and commercially pure metals with homogeneous mechanical properties. The experiments are done at slow speeds, in order to minimize thermal influences on the flow and fracture. The results should be of value for modelling of cutting and sliding processes, understanding the interactive effects of plastic flow and fracture in chip-particle formation and enhancing surface quality in manufacturing processes.
Background
Although the indenter may take different shapes, the effective rake angle of the indenter (α in figure 1 ) is the primary factor controlling deformation and flow. At large negative α, pure sliding prevails (figure 1a) with no material removal [2, 4] . This is typical of asperity angles on engineered surfaces and is the contact interaction relevant for sliding wear. The deformation mode in plane strain sliding involves ploughing or rubbing, where material flows underneath the indenter. This flow is often described as steady and smooth, analogous to laminar fluid flow. A pile-up of material ahead of the indenter-constituting a prow ( figure 1a) has been used to explain dry friction arising from plastic deformation in surface layers, and wear due to plastic strain accumulation [4, 17] . It has also been purposefully employed to engineer surfaces with ultrafine grained (UFG) microstructures and enhanced strength [7] .
When α is increased to less negative or positive values, material removal is initiated (figure 1b). Particle formation by ductile failure in the prow and chip formation by cutting, in that order (with increasing α), have been suggested as the mechanisms for material removal [4] . Chip formation at small negative and positive α has been studied because of its relevance to machining with geometrically well-defined tools. Theoretical analyses of this chip formation have been based largely on SLF and upper bound methods, with the assumption of a steady laminar flow and rigid perfectly plastic material [1, 9, 10, 18] . A few SLFs for cutting of strain-hardening materials have been proposed using experimental flow fields, but again for steady flow [19] . These analyses have been useful for predicting cutting forces, and strains in the (continuous) chip. Perhaps less well recognized is the role that SLF has played in highlighting important conceptual and phenomenological aspects of the chip formation process: non-uniqueness of deformation due to a lack of flow constraint, chip curl, prow formation and incipient failure in the prow region [9, 10, 12, 18] . These observations have served to guide the development of finite-element simulations of machining.
The major disadvantage of SLF analysis (and upper bound) is that it treats chip formation as a steady flow process. As a result, it cannot explain the diverse variety of chip-particle morphologies (e.g. discontinuous chip, segmented chip) and roughness patterns that occur on chip surfaces. These features have been attributed variously to adiabatic shear localization [20, 21] , ductile fracture [13, 22] , shearing by 'stack-of-cards' type slip [1] , inhomogeneous micro-scale plastic flow [14, 23] , machine stiffness [8] and bifurcative instability [24] , all with common underlying features of unsteady flow and non-uniform deformation. The diverse chip morphologies are not unique to metals but have been observed also in cutting of materials such as glass [25] , metallic glasses, polymers [26] and paraffin wax [27] .
The most recognized mechanisms of disruption of steady flow are shear localization and ductile fracture. One form of shear localization is caused by thermal softening, and commonly occurs when cutting metals of low thermal diffusivity (e.g. Ti-6Al-4V, AISI 4340 steel) and at high cutting speeds (adiabatic conditions) [20, 21] . Owing to this localization, the chip morphology can change from continuous to discontinuous form upon only increasing the cutting speed. The role of ductile fracture in segmented chip formation has also been recognized for many years. Beginning with Nakayama [13] , and perhaps even earlier [12] , the formation of a segmented chip was attributed to shear cracks initiating at the prow surface. But direct experimental confirmation of the initiation location and phenomenological details of the crack initiation/propagation have been lacking. Other evidence suggests that cracks may also initiate near the tool edge [11, 20] , and ductile fracture could be important even in continuous chip formation [28] .
The problem of getting a discontinuous chip to form in finite-element simulations appears to have been first solved by the deliberate 'initiation' of a crack either at the workpiece free surface, as in Ti-6Al-4V alloy [29] , or at the tool edge, as in a two-phase brass [30] , both by the same investigators. While experimental evidence was cited as the reason for selecting the diametrically opposite initiation locations in these alloys, none was presented. In the case of Ti-6Al-4V, at least, the evidence may have been based on examination of workpiece samples created by quickstopping the chip formation. But quick-stopping techniques lack the capability to resolve transient events such as crack initiation and propagation details. Furthermore, the stopping procedure introduces its own artefacts, and it cannot be used to map unsteady deformation and flow fields quantitatively [19] . It is important to note here that other work [20] , mainly experimental, claims that crack/shear band initiation in cutting of Ti-6Al-4V alloy occurs at the tool edge, in direct contradiction to [29] . The approach of pre-defining a crack to effect discontinuous chip formation appears to have also guided other machining simulations [31] .
What is clear from these simulations, which use control of crack initiation location and ductile failure criteria to effect chip segmentation, is that a priori knowledge of initiation and propagation details is essential for model formulation. integrated variables such as force and chip morphology have been used. But it is well known in classical plasticity [9] that ensemble parameters such as force and pressure may not suffice to discriminate between models even qualitatively (e.g. deformation pattern, failure location), let alone quantitatively. Progress on this modelling front could be enabled by quantitative experimental characterization of the crack initiation/propagation, and mesoscale parameters such as flow and deformation fields. Perhaps even more so than for model development, characterization of unsteady flow fields and flow dynamics will be of value for phenomenological understanding of cutting and sliding, demarcating flow transitions and assessment of residual plastic strains on workpiece surfaces.
Until recently, experimental data pertaining to flow histories in cutting and sliding, especially the unsteady case(s), have been sparse. The typical flow characterization methods employedpost-mortem analyses of grid deformation [12, 19] and microstructure markers [23, 32] -while useful for analysing steady flow, lack the spatial and temporal resolution needed to map unsteady flow fields and flow dynamics. In situ observations using high-speed photography, in conjunction with PIV, offer a direct way for quantitative analysis of unsteady flow [15, 16] and the ductile fracture process. This analysis is carried out in this study using the plane strain configuration of figure 1 , with a focus on single-phase metallic systems.
Experimental set-up
The experimental system for cutting and sliding consisted of a plate workpiece moving against a (fixed) hard steel wedge at speeds V o of up to 10 mm s −1 under conditions of plane strain (two dimensional), as in figure 1. For this purpose, a special die assembly was devised which allowed for in situ imaging of the flow. Figure 2a shows the structure of the die assembly interior. The die block, made of hard steel, consists of a horizontal channel of T-shaped cross section and a vertical channel of rectangular cross section. The indenter, a hard steel wedge with smoothly ground faces (25.4 × 12.7 × 6.35 mm), is held at the bottom of the horizontal channel. The workpiece (38 × 22.4 × 6.35 mm) is held inside the vertical channel between the indenter and the channel wall. A set screw at the end of the horizontal channel is used to position the indenter and set the depth h o . A glass block (44.45 × 25.4 × 6.35 mm) is placed against the indenter and the workpiece along the horizontal channel. This block is used to constrain side flow of the workpiece material and facilitate indenter-workpiece alignment for better imaging. The assembly is secured by closing the die block with the die cover. Figure 2b shows the closed assembly tightened by four bolts. The process zone is observed through a window on the cover plate. The workpiece is moved by compression loading of the whole assembly in a mechanical test machine (figure 2c), via a steel plunger that is placed above the workpiece in the vertical channel.
Indenters with rake angle α of −70 • to +15 • were used, covering the spectrum of sliding and cutting (figure 1). The speed V o was 1-10 mm s −1 , and depth h o was 50-150 µm. The low speed ensured that temperature and strain rate influences were negligible. The experiments were done dry. The workpiece was single-phase 70-30 brass (H02), with grain size of approximately 15 µm and Vickers hardness approximately 135 kg mm −2 , representative of commercially pure metals and ductile single-phase alloys. The workpiece surface was polished to R a ∼ 0.1 µm prior to the sliding.
The flow of metal in the process zone was imaged in situ using a high-speed camera (PCO dimax) coupled to an optical microscope assembly (Nikon Optiphot; figure 2c). The camera could record at up to approximately 5000 fps with sensor areas as large as 1296 × 720 pixels. A 5× objective lens was used with the microscope, resulting in a field of view of 4.3 × 2.4 mm at resolution of 3.3 µm pixel −1 . The image sequences were analysed using PIV, an image correlation technique, to quantify the velocity fields of flow. This technique has been widely used in fluid and solid mechanics for characterizing flows quantitatively [33, 34] . Pathlines and streaklines were constructed from the velocity fields. A pathline, the trajectory along which an individual particle (material point) travels, is used for strain accumulation, while a streakline, the locus of all particles that have passed earlier through a particular spatial point, is useful for flow visualization. Deformation parameters such as strain rate tensor, effective (von Mises) strain rate and effective strain were computed as described in figure 3 ; it is these values that are reported unless otherwise stated. The image correlation and deformation computation were implemented using a Matlab program. The program was validated on synthetic images from predefined flow fields. The uncertainty in displacement measurement was less than 0.04 pixel. Optical and scanning electron microscopy (SEM) provided additional information about deformation characteristics of the workpiece surface and chips.
Results
The imaging observations showed that the range of common sliding-cutting regimes-from pure sliding without material removal to cutting with various chip morphologies (e.g. discrete particle, segmented chip, continuous chip)-could be reproduced by just varying α from large negative to positive values. This enabled in situ analysis of flow modes and instabilities, and how these determine particle/chip formation. This flow is termed laminar based on analogy with fluid flows. The deformation in the indenter wake, revealed by the grid distortion, penetrates quite deep (300-400 µm) into the workpiece subsurface. For fixed h o , as in the present experiment, a gradual growth of the prow occurs during the sliding to accommodate material displaced by the indenter. This growth will stop when h o is made to vanish. These characteristics can also be seen in the electronic supplementary material, movie M1. The deformation zone, revealed by the strain rate field in figure 4b, shows two bands-BC and OC-of intense strain rate (approx. 1.5 s −1 ). Additionally, a broader and more diffuse region of lower strain rate occurs along AC. These bands are the regions where plastic strain is imposed. The strain rate field showed little variation with time, indicating steady flow. Figure 4c shows the strain field on the residual workpiece surface corresponding to the tracked grid area. A uniformly strained surface layer approximately 300 µm deep is seen. This strain uniformity is also evident in figure 4d , where the strain variation with depth into the workpiece is plotted at three locations-A-A (red), B-B (blue) and C-C (black).
(b) Discontinuous chip (α = −50 • ) Figure 5 shows select frames from a high-speed sequence for α = −50 • . The prow is now unstable and periodically detached from the surface as a discrete particle or discontinuous chip. The resulting flow is unsteady. These features can also be seen in the electronic supplementary material, movie M2.
It is clear from figure 5 and the electronic supplementary material, movie M2, that a crack develops on the free surface of the prow (see red arrow in frame 1) and propagates inward towards the indenter tip growing in length (frames 2-5, yellow arrow marks the crack tip). When the crack reaches the indenter tip, prow A is separated from the workpiece as particle A (frame 6). The speed of crack propagation is approximately 0.7 mm s −1 initially, slowing to approximately 0.5 mm s −1 as it approaches the indenter. This speed is much lower than adiabatic shear failure velocities but quite similar to the sliding speed of 1 mm s −1 , indicating a stable growth of the crack, driven in by the advancing indenter. The propagation of the crack is purely by plastic flow, with a new surface being created on the bottom side of prow A. Simultaneously, a new prow B is forming underneath A (frames 2-6). Prow B is at first lightly constrained by A. But its height and slope increase continuously when A is pushed out of the contact as a particle. Subsequently, B is more rigidly constrained by the indenter (frames 6-8), and material flow inside it is quickly retarded and eventually stops. This leads to significant shear along the base of the prow where the grid is severely distorted (frames 7 and 8). Finally, a crack is initiated as before at the surface of prow B (red arrow in frame 8) and A is squeezed out as a particle. The next cycle of particle formation now begins. Based on this observed deformation, every particle should have two distinct surface regions, as delineated by the coloured lines in frame 8. The bottom surface (yellow dashed line) is newly created by the crack propagation. The top curved surface (red solid line) is merely the original workpiece surface after bulging. It is also clear that the crack originates on the prow free surface. Figure 6 shows strain rate fields corresponding to frames 4, 6 and 8 of figure 5 , respectively. Unlike α = −70 • case (figure 4b), more than one field is needed to describe the deformation zone in the present case (α = −50 • ) because of the unsteady flow. In the initial stage (figure 6a), the deformation zone is similar to that of the stable prow formation (figure 4b). With continued sliding, as the prow grows and is more rigidly constrained by the indenter, the zone is transformed into a single curved band (figure 6b) of higher strain rate (3-5 s −1 ) that demarcates the base of the prow. Subsequently, the flow inside the prow ceases and the curved band becomes almost straight (figure 6c) with the strain rate increasing to 5-8 s −1 . This band resembles a shear plane and indicates significant deformation in the region between the stalled prow and the sliding workpiece. Figure 7a shows the strain field corresponding to frame 8 of figure 5 . The strain varies with distance in the sliding direction as a prow is repeatedly formed and removed. This field may As α is made less negative, the discrete particle is replaced by a chip with a serrated pattern on its free surface-the segmented chip. The high-speed image sequence in figure 8 and the electronic supplementary material, movie M3, show segmented chip formation for α = −20 • . The formation of a chip segment begins with a prow developing on the workpiece surface (tracked by the red line) underneath a previously formed segment (frame 1). This prow grows in height and slope (frames 2 and 3) until a crack is initiated on the free surface (see at arrow in frame 4). This initiation, including location, is similar to that observed in discontinuous chip formation. Upon further sliding, this crack propagates in a ductile mode into the chip (frames 4-6), creating a new segment. The top surface of this segment is the prow surface while the bottom surface, outlined by the dashed yellow line, is surface freshly generated by the fracture. SEM micrographs (figure 9) reveal clear differences in the topography of the top and bottom surfaces. The bottom surface of a segment is smooth with striations (figure 9a, yellow arrow in figure 9c), whereas the top surface is bumpy ( figure 9b, red arrow in figure 9c ). The mechanism of segment formation is essentially the same as that of a particle (α = −50 • )-that is, by periodic initiation of cracks on the prow surface, and their propagation into the chip and towards the indenter tip. The principal difference is in the extent of the crack propagation, which is only partially across the chip in the segmented case. The flow is again unsteady due to the instability triggered by the periodic crack initiation.
The deformation zone varies within a segmentation cycle. At crack initiation (frame 4, figure 8 ), the zone is a narrow band of uniform thickness that extends from the indenter tip to the free surface (figure 10a). The deformation at this stage is simple shear. As a prow develops and the crack location travels up this prow (frame 6, figure 8), the deformation zone becomes broader and diffuse, especially near the free surface while still remaining sharp and narrow near the indenter tip (figure 10b). Each segment consists of a triangle-shaped zone (prow demarcated by the dashed red line) of low strain (approx. 1) and an adjoining (underlying) region of higher strain (3-5) (figure 10c). The lower strain is due to bulging while the higher strain is due to the simple shear. Such a strain distribution in the segment is also supported by metallography (figure 11a), which shows two regions with different etching characteristics in the segments. The triangle-shaped, low-strain region of the prow part of each segment (outlined again in red) is somewhat brighter, with distinguishable deformation features, whereas the area outside the triangle arising from the simple shear etches darker. The simple shear is not localized along the segment boundaries, as with adiabatic shear bands [20, 21] , but is more uniformly distributed outside the prow regions. Hence adiabatic shear banding is not the cause of this chip segmentation.
When α is further increased to 0 • , a continuous chip is observed but with a free surface that is rough at the mesoscale (figure 11b). It is clear, upon comparing figure 11a,b, that this roughness is geometrically similar to the serrations on the back side of the segmented chip, except for a scaling. The roughness features form in the same way as the segments at α = −20 • and −50 • , i.e. surface prow formation, followed by crack initiation at the surface and propagation (see also electronic supplementary material, movie M4). However, the scale of the phenomenon is much reduced. At α = 0 • , the crack, after initiation on the surface, propagates only a short distance into the chip, approximately 15% of chip thickness, before the next one is initiated. This crack length is even smaller for α = 15 • , constituting only approximately 8% of the chip thickness. Cracking thus becomes more frequent for α ≥ 0 • , resulting in the much smaller segments that constitute the mesoscale roughness (figure 11b). The bulk of the chip is, however, formed by simple shear imposed in a narrow zone ( figure 12 ). The distribution of bright and dark etching regions (figure 11b) confirms that much of the chip has undergone simple shear deformation (dark region). Only within the smaller segments (bright regions) is the shear disrupted, owing to the crack initiation.
The high-speed image analysis has provided new details pertaining to the simple shear. A thin band of high strain rate-akin to the classical shear plane-is always observed along a line extending from the indenter tip O to the active crack on the free surface ( figure 12 ). Starting as a single band OA, where A pinpoints the active crack, the shear plane rotates about the indenter tip as crack A moves along the chip surface (frames 1-3). This rotation is limited to a small angle (approx. disappears, while band OB strengthens and is fully established (frames 3-6). There is actually a period when the two bands are of approximately equal intensity, resulting in a seemingly split shear plane (frame 4). Finally, the band OB in frame 6 fully replaces the band OA in frame 1. This shear plane rotation, followed by a transition from one band to its successor, occurs repeatedly in the continuous chip formation (see also the electronic supplementary material, movie M5). The deformation zone is therefore constantly changing with the shear plane oscillating over a small angular range. This is another flow instability resembling a flutter that is directly linked to the prow cracks. Consequently, the flow into the chip shows a zigzag appearance (figure 13a). Such a zigzag flow was indeed inferred in some early studies using microstructure markers, but attributed to the occurrence of double-shear or plastic waves [23] . These shear oscillations are difficult to detect at lower framing rates where they average out as a single broad deformation zone. The strain in the chip is generally uniform, except for periodic variations close to the free surface ( figure 13b ). This is consistent with the flow oscillation and also supported by the metallography (figure 11b) . 
Discussion
The direct observations of cutting and sliding in single-phase brass have elucidated the flow dynamics for different rake angles (α) and mechanics of chip-particle formation. When α is highly negative and below a threshold value (α * ), sliding takes place with stable prow formation and no material removal. The steady laminar flow creates a uniformly strained surface layer that extends several hundred micrometres into the workpiece depth (figure 4).
When α > α * , material removal occurs with varying chip-particle morphologies-initially as individual particles, then as segmented chips, and, finally as a continuous chip with small-scale roughness on its surface. The in situ observations have shown that these varied morphologies all arise from a universal ductile failure mechanism operating at different length scales and frequencies on the prow surface. This mechanism involves prow formation ahead of the indenter, followed by ductile crack initiation on the prow surface, and, finally, propagation of this crack from the surface to different distances towards the indenter tip. At moderately negative α, e.g. −50 • , the crack propagates all the way through to the indenter tip, and the prow is detached as a particle (figure 5). At smaller negative α, e.g. −20 • , crack propagation is only part way to the indenter tip with a segmented chip (figure 8). With a further increase in α to 0 • , the crack initiation is more frequent. But the propagation is now confined to a region close to the surface, resulting in a continuous chip with small-scale roughness due to the recurring cracks ( figure 13 ). This roughness decreases further as α becomes positive, with smoother continuous chips being formed. The flow at all of these conditions (α > α * ) is unsteady; and the seemingly minor perturbation of the prow due to crack initiation causes a change from pure sliding to cutting with chip-particle formation.
(a) Crack initiation
The crack triggering the segmented or discontinuous chip is initiated on the prow surface. The prow surface slope (θ ) at the onset of crack initiation was directly measured from the images ( figure 14) . For pure sliding without cracking, the stable prow slope was measured. Figure 15 shows the variation of θ with α based on 5-10 measurements at each condition. Here θ is seen to increase with α in the stable prow regime A (α < α * ∼ −55 • ). However, in the prow crack regime B (α > α * ∼ −55 • ), θ is constant at approximately 35 • . If the prow is formed by shearing of the workpiece surface, then θ should be related to the strain in the prow region [13] . Because of the availability of strain field histories from the in situ data, the surface strain at crack initiation could be estimated. These strains are given for select α in figure 15 . The strain values are 0.80 ± 0.06, 0.78 ± 0.05 and 0.82 ± 0.07, for α = −50 • , −20 • and 0 • , respectively, indicating that the surface strain at crack initiation is constant at approximately 0.8. In the pure sliding region, the prow strain is less than 0.8. Various damage accumulation models have been proposed for ductile failure [8, 35, 36] . In the present instance, the failure on the prow surface appears to be governed by a critical strain criterion. While fracture strain is influenced by hydrostatic stress or stress triaxiality [8, [35] [36] [37] , in the present two-dimensional case, the hydrostatic (mean) stress at the prow surface is compressive and equal to the shear flow stress for all α, resulting in a constant stress triaxiality of −1/ √ 3 (note that stress triaxiality is the ratio of the hydrostatic stress to the effective stress). This could explain the constancy of strain at the failure. Interestingly, the prow failure implies that ductile fracture can occur even with the stress triaxiality being less than −1/3, a cutoff value proposed for this type of fracture [36] . A somewhat paradoxical result is that, while a crack is initiated on the prow surface at a strain of approximately 0.8, the bulk of the chip sustains strains as high as 2 (e.g. figure 13b ) without cracking. This could be a consequence of a more compressive hydrostatic stress state in the chip interior.
For large positive α (α > α † ; regime C in figure 15 ), based on the deformation geometry, the slope of chip flow along the rake face should be less than 35 • , the critical prow slope for crack initiation. Consequently, in this regime, a smooth continuous chip without surface cracks should result. The observed propagation of the prow crack by local plastic deformation at its tip is somewhat unusual, in that it results in a unique crack configuration: only one face of the crack is freshly created while the other face is made up of the original workpiece surface. The small crack that is initiated at the free surface at a critical strain acts like a stress-concentrating notch, which changes the flow in the prow. Macroscopically, the workpiece surface region trailing the notch now no longer flows continuously onto the prow surface but instead starts 'punching' [38] into the prow through the notch. This punching creates new surface progressively at the notch tip, but only on the chip side that adjoins the punching workpiece surface. This region eventually becomes the bottom surface of a segment after crack propagation is complete. also occurs stably, driven in by the advancing indenter, at a speed somewhat less than the cutting speed. Microscopically, the progressive creation of new surface at the crack tip occurs by successive slip (shear) on a series of planes oriented at an angle to the crack tip. This is analogous to the ductile cutting mechanism used to describe the growth of a crack from a notch under tensile stress in metals [39, 40] . In the tensile field of the notched sample, the slip alternates between planes oriented symmetrically with respect to the crack tip, so that the new surfaces are created in pairs. But the stress field due to the punching flow is asymmetrical about the crack tip. Slip therefore occurs preferentially on one side of the crack, resulting in the asymmetrical surface creation. This type of crack growth results in distinctly different deformation patterns on the two sides of the crack, as confirmed by the strain and metallography characterization (figures 10c and 11a ). This characteristic may be used to identify the crack arising from the punching flow. Such a characteristic has also been seen in material removal by particle erosion (see fig. 7 of [3] ). The punching-type crack driving segmented chip formation should be distinguished from shear failure in torsion, and shear cracks used in previous descriptions of segmented or discontinuous chip formation [13, 22] . In these latter instances, the crack propagates unstably in the direction of maximum shear stress, and two new surfaces are created with similar deformation characteristics.
(c) Flow instability
The nature of flow in the prow suggests that the punching-type crack arises from a plastic instability due to geometrical softening. This softening is a consequence of constant changes in the flow boundary at the prow surface. By contrast, adiabatic shear localization, a well-known mechanism for chip segmentation in high-speed cutting of alloys of low thermal diffusivity, arises from thermal softening [20, 21] . Geometrical softening is likely to play a more general role in cutting, because the changes in flow boundary are intrinsic to the free surface deformation. For example, even for the adiabatic shear banding case, the rough chip boundary could induce some level of geometrical softening, promoting flow localization.
The small-angle oscillations of the shear plane observed in seemingly steady continuous chip formation (figure 12) are probably another manifestation of this geometrical softening due to free surface perturbation. As discussed already, this perturbation is due to small-scale prow formation followed by the punching-type crack. Since the prow crack is a stress intensifier, its tip is a favourable location for orienting the shear plane; the recurring prow cracks thus lead to the shear plane oscillations and unsteady flow. These oscillations are difficult to envision in a steady flow framework. While some SLFs for continuous chip formation, which have attempted to include a pile-up region [18] or an isolated flow zone [10] in connecting the workpiece and chip surfaces, could, potentially, be used to justify flow oscillations occurring close to the free surface, these fields are inadmissible for a rigid perfectly plastic material. In addition, the shear plane oscillations observed in the present experiments are not confined to the prow surface, but occur through the chip thickness. An upper bound analysis has also shown the shear plane orientation to depend on the free surface morphology based on stability [41] . But this analysis is again limited to steady flow. The present observations have shown that free surface perturbations do exist and cause unsteady flow over a wide range of α (regime B in figure 15 ). As α approaches the upper limit of this regime, the surface perturbations will decrease in extent while becoming more frequent. This will make the flow less unsteady. Conventional chip formation theories should find better agreement with experiments at these more positive α.
The observations have diverse implications. Firstly, a constraint, positioned appropriately with respect to the tool tip, could suppress prow instabilities and enhance continuous chip formation. A more stable cutting process would result, with a reduction also in strain field and force fluctuations. Preliminary results obtained with a tool having a constraining edge confirm this prediction. This approach has been successful also in suppressing shear band instabilities in cutting of HCP metals, enabling constrained chip formation to be used as a method for producing sheet metals [42] . Secondly, the cutting/sliding system can be used to explore unsteady flow and flow instabilities, both theoretically and experimentally. Lastly, the failure in the prow, combined with strain field measurements, suggests opportunities for studying ductile fracture.
This study has focused on cutting and sliding of single-phase metallic systems at low speeds. It would be of value to study flow dynamics in sliding and cutting of multi-phase alloys, including free machining alloys, and in high-speed cutting. This will help assess the generality, or lack thereof, of the present observations pertaining to unsteady flow and ductile failure for a broader class of materials and cutting conditions. Such observations are planned in the future.
Conclusion
An in situ study of flow dynamics in sliding and cutting has been made using high-speed photography and PIV. This has enabled quantitative characterization of deformation fields and flow patterns, and provided new insights into development of unsteady flow and chip-particle formation in single-phase alloys and metals. This field information can be of value also for validation of process models.
The range of two-dimensional sliding and cutting modes could be accessed by just varying the indenter rake angle from large negative to positive values. At large negative rake angles, the flow is steady and laminar, with a stable prow of material established ahead of, and moving with, the indenter. This is pure sliding characterized by the absence of material removal, and a uniformly strained layer extending several hundred micrometres into the workpiece surface. When α is made less negative, the flow becomes unsteady with an instability developing, owing to formation of a crack on the prow free surface. Crack initiation occurs at a critical value of the prow surface strain, approximately 0.8 for the brass, suggesting also a strain-controlled failure criterion. The prow crack propagates in a ductile mode towards the indenter tip, causing material removal in the form of discrete particles. As the rake angle is increased, the chip morphology undergoes a transformation from an initially discrete particle to a segmented chip, and then to a continuous chip. These span the chip-particle morphologies typical of sliding and machining in metals.
The varied chip morphologies are shown to arise from a universal mechanism involving propagation of the prow crack to different distances towards the indenter. The limiting cases of the crack propagating all the way to the tip, and to negligible distance from the prow surface, are the discontinuous chip and continuous chip (with small-scale roughness), respectively. The intermediate cases of propagation result in segmented chips. The prow crack triggers small-angle oscillations of the deformation zone in continuous chip formation, indicating unsteady flow even for this chip type. These oscillations cause the small-scale roughness on the chip surface.
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